Introduction
============

The overall incidence of gastric cancer has decreased in a number of countries as a result of extensive diagnostic and therapeutic investigations. However, gastric cancer remains a major global health burden and is the second most common cause of cancer-related mortality ([@b1-etm-0-0-3798]). The geographic distribution of gastric cancer is characterized by wide international variations, particularly in high-risk areas such as Japan, Korea, China, and South and Central America ([@b2-etm-0-0-3798]).

To date, molecular and genetic abnormalities are responsible for the development and progression of gastric cancer, including the activation of oncogenes and inactivation of various tumor suppressor genes ([@b3-etm-0-0-3798],[@b4-etm-0-0-3798]). As a result of gene alteration, the downstream signal transduction pathways will be consequently affected, involving the control of diverse cellular functions such as cell growth, differentiation, metastasis and adhesion ([@b5-etm-0-0-3798],[@b6-etm-0-0-3798]). Wang *et al* ([@b7-etm-0-0-3798]) indicated that specificity protein 1 (Sp1) was significantly increased in gastric tumor specimens and associated with patient survival, suggesting that abnormal Sp1 expression contributes towards the development and progression of gastric cancer. Kurayoshi *et al* ([@b8-etm-0-0-3798]) proposed that the overexpression of Wnt family member 5A improved the migration and invasion ability of gastric cancer cells and was associated with the aggressiveness and poor prognosis of gastric cancer. Further evidence demonstrated that the restoration of Kruppel-like factor 4 expression resulted in the marked suppression of gastric cancer cell growth *in vitro* and significant attenuation of tumor growth in an animal model, suggesting that it may serve as a prognostic marker and potential therapeutic target for gastric cancer ([@b9-etm-0-0-3798]).

Peptidylarginine deiminase type 4 (*PADI4*), one of four known PADI genes, is characterized by the conversion of peptidylarginine into citrulline in the process of citrullination. The gene is expressed in hematopoietic progenitor cells, granulocytes, T cells, B cells, macrophages and natural killer cells ([@b10-etm-0-0-3798]). Accumulating evidence suggests that PADI4 appears to be overexpressed in numerous types of carcinomas, including breast carcinoma, hepatocarcinoma, renal, bladder and lung carcinoma ([@b11-etm-0-0-3798]). Chang *et al* ([@b12-etm-0-0-3798]) indicated that the expression levels of PADI4 mRNA and protein are significantly enhanced in breast fibroadenoma and thyroid adenoma compared with surrounding healthy tissues. In addition, one study suggested that PADI4 was expressed at higher levels in ovarian adenocarcinoma, and confirmed this using reverse transcription-quantitative polymerase chain reaction (RT-qPCR) and western blot analyses ([@b13-etm-0-0-3798]). Ordóñez *et al* ([@b14-etm-0-0-3798]) suggested that PADI4 may have an effect on tumor progression with regards to the elevation of citrullinated antithrombin levels in serum samples of colorectal adenocarcinoma patients. On this basis, the detection of genetic abnormalities of PADI4 may provide an alternative opportunity for the early diagnosis and clinical interventions of various cancers.

In the present study, the expression of PADI4 was detected in gastric cancer and normal gastric mucosa tissues. PADI4 was suppressed with the aid of small interfering RNA (siRNA) and 5-fluorouracil (5-Fu), and the effects of silencing PADI4 on various cell functions of SGC-7901 and AGS cells were determined in order to explore the pathogenic role of PADI4 in gastric cancer.

Materials and methods
=====================

### Materials and reagents

A total of 10 tissues samples from patients with gastric cancer (6 men and 4 women) between February 2010 and October 2012 were obtained at the Third People\'s Hospital of Qingdao (Qingdao, China). Ten normal gastric mucosa tissues (a distance away from the resected margin of gastric cancer) were obtained from these patients to use as a control. All samples were confirmed by pathological analysis and were not treated with radiotherapy and chemotherapy prior to surgery. The median age in the cohort of patients was 55.3±5.9 years (range, 47.6--57.6 years). All samples were stored at −80°C for further analysis. Written informed consent was obtained from all the patients. The study was conducted with approval from the Ethics Committee of the Third People\'s Hospital of Qingdao.

Roswell Park Memorial Institute (RPMI)-160 culture medium, fetal bovine serum (FBS) and double antibody (penicillin-streptomycin) were obtained from Gibco (Thermo Fisher Scientific, Inc., Waltham, MA, USA). PADI4 and GAPDH sheep anti-rabbit antibodies, and secondary antibody, were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Radioimmunoprecipitation assay (RIPA) lysis buffer, polyvinylidene difluoride (PVDF) membrane and Bradford Protein Quantitative kit were purchased from Beyotime Institute of Biotechnology (Jiangsu, China). Enhanced Chemiluminescence (ECL) kit was obtained from Invitrogen (Thermo Fisher Scientific, Inc.). Bovine serum albumin (BSA) was obtained from Sangon Biotechnology Co., Ltd. (Shanghai, China). Total RNA Extraction kit was obtained from Omega Bio-tek, Inc. (Doraville, GA, USA). Quantitative PCR kit and SYBR Green qPCR Master Mix was obtained from Hoffmann-La Roche, Inc. (Basel, Switzerland). 5-Fu was obtained from Anji Haosen Pharmaceutical Co., Ltd. (Jiangsu, China).

### Cell culture and treatment with siRNA and 5-Fu

Human gastric cancer cell lines (SGC-7901 and AGS) were cultured in RPMI-1640 supplemented with 10% FBS at 37°C with 5% CO~2~ in a humidified atmosphere. Cells in logarithmic growth phase were resuspended and seeded in a 6-well plate at a density of 5×10^5^ cells/ml. Subsequently, transient transfection was performed when cells reached 80% confluence. For the experimental transfection, samples were divided into the following groups: Mock group (subjected to transfection reagent); negative group (subjected to siRNA transfection); PADI4 siRNA group (subjected to PADI4 siRNA transfection); 5-Fu group (subjected to 5-Fu); and 5-Fu^+^ siRNA transfection group (treated with 5-Fu and subjected to PADI4 siRNA transfection). All transfection procedures were performed according to the manufacturer\'s instructions of Lipofectamine 2000. The interference sequences in the PADI4 siRNA and negative group were as follows: siPADI4 sense, 5′GAAGGAGUUUCCCAUCAAATT\'3 and antisense, 5′UUUGAUGGGAAACUCCUUCAG\'3; negative control sense, UUCUCCGAACGUGUCACG and antisense, 5′ACGUGACACGUUCGGAGAATT\'3.

### Western blot analysis

Fresh tissues were cut into sections and lysed in RIPA buffer on ice. Cell lysates were centrifuged at 12,000 rpm for 10 min, and the protein supernatant was transferred into new tubes. Subsequently, the protein concentration of each sample was determined using BCA Protein Assay kit (Pierce; Thermo Fisher Scientific, Inc.). For SDS-PAGE, 20 µg of the total protein from each sample was resolved using 12% SDS-PAGE and transferred to PVDF membranes for 45 min using a tank transfer system (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Then, the membranes were blocked in Tris-buffered saline containing Tween 20 (TBST) with 3% BSA at 37°C for 1 h, and incubated with PADI4 primary antibody (1:500; cat. no. sc-365369) overnight at 4°C. After washing three times with TBST, the membranes were incubated with anti-rabbit secondary antibody (1:500; cat. no. sc-98991) for 1 h at room temperature. Proteins were detected using an ECL kit according to the manufacturer\'s instructions. GAPDH was used as an internal control.

### RT-qPCR

Total RNA from the gastric tissues was extracted with TRIzol reagent according to the manufacturer\'s instructions as previously described ([@b15-etm-0-0-3798]). cDNA synthesis was performed with \~500 ng RNA using the Superscript RT kit (Invitrogen; Thermo Fisher Scientific, Inc.). RT-qPCR amplification was performed using the Mx3000P QPCR System (Agilent Technologies, Inc., Santa Clara, CA, USA) with the primers listed in [Table I](#tI-etm-0-0-3798){ref-type="table"}. As an internal control for qPCR, GAPDH mRNA expression was amplified from the same cDNA samples. All results were normalized to GAPDH amplification. PCR reactions were performed in a total volume of 20 µl, containing 15 µl 1X SYBR Green Supermix, 1 µl each specific primer, 2 µl water and 1 µl cDNA template. The amplification reaction conditions were as follows: Pre-denaturation at 90°C for 3 min; followed by 40 cycles of denaturation at 94°C for 30 sec; annealing at 30°C for 30 sec; and extension at 72°C for 40 sec. The 2^−ΔΔCq^ method was applied to analyze the relative changes in gene expression from RT-qPCR experiments, as previously described ([@b16-etm-0-0-3798]).

### MTT assay

An MTT assay was performed to determine the effect of PADI4 on the cellular growth of SGC-7901 and AGS cells, as previously described ([@b17-etm-0-0-3798]). Briefly, SGC-7901 and AGS cells at a density of 5×10^3^ cells/ml were seeded in 96-well plates and cultured with the various transfections or 5-Fu, as described above, for 24, 48 and 72 h. Subsequently, 20 µl of MTT (5 mg/ml; Gefan Biotech, Shanghai China) was added to each well and incubated for 4 h at 37°C. Then, 150 µl dimethyl sulfoxide was added to each well, and the mixture was shaken in a horizontal direction for 10 min to dissolve the produced formazan crystals. The optical density (OD) value at 490 nm of each sample was measured using a plate reader.

### Flow cytometry assay

Cell cycle was determined by flow cytometry, as previously described ([@b18-etm-0-0-3798]). Briefly, cells in the logarithmic growth phase were collected subsequent to transfection with PADI4 siRNA for 48 h. Cells were fixed with 70% ethanol for 24 h followed by washing in PBS three times. Subsequently, cells were treated with 50 µl RNAse solution (0.5 mg/ml) at 37°C for 30 min. Then, cells were incubated with propidium iodide (50 µg/ml) for staining at 4°C for 30 min under dark conditions and filtered with a stainless steel screen (200 mesh). The cell cycle of each sample was detected using flow cytometry. Experiments were repeated three times.

### Cell invasion assay

Cell invasion was identified using a Transwell cell culture chamber (8 µm; Corning Incorporated, Corning, NY, USA), as previously described ([@b19-etm-0-0-3798]). Briefly, SGC-7901 and AGS cells were suspended in serum-free RPMI-l640 culture medium at a concentration of 1×10^5^ cells/ml following transfections, as described above. Cell suspension (200 µl) was then added to the upper chamber (2×10^4^ cells/well). Simultaneously, RPMI-1640 media supplemented with 20% FBS was added to the lower compartment. Then, the Transwell chamber was incubated at 37°C in a 5% CO~2~ atmosphere for 24 h. Subsequently, cells in the upper compartment were collected and fixed with formaldehyde solution. Following staining with hematoxylin and eosin, five fields of each image were randomly selected at higher magnification using a confocal microscope, and the number of cells were calculated. Each assay was repeated three times.

### Statistical analysis

Statistical analyses were performed by one-way analysis of variance using SPSS version 13.0 (SPSS, Inc., Chicago, IL, USA). Data are presented as mean ± standard deviation. Student\'s t-test was performed to evaluate inter-group comparisons. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Expression of PADI4 in gastric cancer and normal mucosa tissue

[Fig. 1](#f1-etm-0-0-3798){ref-type="fig"} presents the expression levels of PADI4 in gastric cancer and normal mucosa tissues. A significant increase in PADI4 protein mRNA expression levels were identified in gastric cancer tissue compared with normal mucosa tissue (P\<0.05; [Fig. 1](#f1-etm-0-0-3798){ref-type="fig"}). Furthermore, the expression of PADI4 (1.367±0.268) in gastric cancer tissue was significantly higher compared with normal mucosa tissue (0.429±0.335), analyzed by RT-qPCR analysis (P\<0.05).

### Effects of silencing PADI4 on the proliferation, apoptosis and invasion of SGC-7901 and AGS cells

Following silencing PADI4 with siRNA, the expression level of PADI4 was markedly decreased compared with the mock and negative group ([Fig. 2A](#f2-etm-0-0-3798){ref-type="fig"}). A significant decrease (P\<0.05) in the proliferation of SGC-7901 and AGS cells in the PADI4 siRNA group was identified in comparison with the mock and negative groups at 36 and 48 h ([Fig. 2B](#f2-etm-0-0-3798){ref-type="fig"}). In addition, marked S phase arrest and a marked decrease in the number of gastric cancer cells in the G2/M phase was identified in the PADI4 siRNA group ([Fig. 3](#f3-etm-0-0-3798){ref-type="fig"}). Furthermore, the invasion of SGC-7901 and AGS cells were markedly decreased when treated with PADI4 siRNA ([Fig. 4](#f4-etm-0-0-3798){ref-type="fig"}).

### Effect of silencing PADI4 on the expression of matrix metalloproteinase (MMP) 2 and MMP9 in gastric cancer cells

After silencing PADI4 in SGC-7901 cells, MMP2 and MMP9 expression levels were lower compared with the mock and negative control groups ([Fig. 2A](#f2-etm-0-0-3798){ref-type="fig"}).

### Synergistic effect of PADI4 siRNA and 5-Fu on the proliferation of SGC-7901 and AGS cells

A marked decrease was observed in the proliferation of gastric cancer cells in the PADI4 siRNA, 5-Fu and PADI4 siRNA + 5-Fu groups compared with the mock and control groups. The inhibitory effect was most prominent when PADI4 siRNA and 5-Fu were combined. Furthermore, a significant difference (P\<0.05) was identified in the combination group at 36 h compared with the PADI4 siRNA group and the 5-Fu group ([Fig. 5](#f5-etm-0-0-3798){ref-type="fig"}).

Discussion
==========

PADI4 is one member of the PADI gene family catalyzing protein cirtullination in the presence of Ca^2+^. A number of reports have suggested that citrullination is associated with specific biological events involving apoptosis, inflammation, histone-related gene expression and trauma ([@b20-etm-0-0-3798]--[@b22-etm-0-0-3798]). Extensive studies have focused on the role of PADI4 in rheumatoid arthritis (RA). Evidence indicates that PADI4 presents a strong association with RA by whole genome single nucleotide polymorphism scanning ([@b23-etm-0-0-3798]). Chang *et al* ([@b24-etm-0-0-3798]) demonstrated an increased expression of PADI4 in the synovial fluid and synovial membrane of patients with RA. Iwamoto *et al* ([@b25-etm-0-0-3798]) indicated that PADI was positively correlated with RA in Japanese and Caucasian populations of European descent with a meta-analysis. In addition, the role of PADI4 has attracted increasing attention with regards to a number of malignant tumors. Lv *et al* ([@b26-etm-0-0-3798]) observed a significant elevation of PADI4 in hepatocellular carcinomas compared with surrounding healthy tissue using western blot analysis. Ulivi *et al* ([@b27-etm-0-0-3798]) demonstrated that non-small-cell lung cancer (small-cell lung cancer) could be accurately discriminated according to the expression of PADI4 and pro-platelet basic protein by free circulating DNA analysis.

In the present study, a significant increase in PADI4 mRNA expression levels was identified in gastric cancer tissues compared with normal gastric mucosa tissues, suggesting that there is a correlation between PADI4 and gastric cancer, and that it may serve a role clinical diagnosis. In addition, it was observed that the proliferation and invasion of SGC-7901 and AGS cells were significantly decreased when PADI4 was silenced with siRNA. Furthermore, silencing PADI4 resulted in significant S phase arrest and a marked decrease in the number of cells in the G2/M phase. Together, these results suggest that overexpression of PADI4 contributes towards gastric cancer cell growth and migration, and that the silencing of PADI4 may provide an alternative treatment for gastric cancer.

MMPs are a family of enzymes with proteolytic activity for degrading various components of the extracellular matrix (ECM). Among these are MMP2 and MMP9 (gelatinase subgroup of MMPs) which serve an important role in the regulation of key signaling pathways in cell invasion, growth, angiogenesis and inflammation, by cleaving numerous different targets, such as cytokines, chemokines, growth factors and ECM ([@b28-etm-0-0-3798]). Currently, growing research focuses on MMP2 and MMP9 since they are overexpressed in various malignant tumors, and their expression and activity are frequently related to tumor progression and poor prognosis ([@b29-etm-0-0-3798]). Previous evidence suggests that the expression of MMP2 and MMP9 increases in a numbers of carcinomas, such as brain, ovarian, breast and lung cancers ([@b30-etm-0-0-3798],[@b31-etm-0-0-3798]). Wong *et al* ([@b32-etm-0-0-3798]) proposed that MMP2 and MMP9 contribute towards the aggressiveness of highly metastatic forms of nasopharyngeal carcinoma. Matsumura *et al* ([@b33-etm-0-0-3798]) indicated that a MMP-9 polymorphism was associated with the depth of tumor invasion and tumor, nodes and metastasis classification of gastric cancer. In the current study, the expression of MMP2 and MMP9 was decreased after silencing PADI4 in SGC-7901 and AGS cells, which suggests that PADI4 may contribute towards the abnormal invasion of gastric cancer cells by regulating the expression of MMP2 and MMP9.

Aside from the role of PADI4 in cell invasion, PADI4 serves a crucial role in mediating cell cycle and apoptosis, both of which are associated with the expression of the tumor suppressor p53. Liu *et al* ([@b34-etm-0-0-3798]) demonstrated that overexpression of PADI4 could upregulate the expression of p53 and its downstream factors p21 and B-cell lymphoma 2-associated X protein, result in cell cycle arrest in the G1 phase, and cause mitochondria-mediated apoptosis of human leukemia HL-60 cells and human acute T leukemia Jurkat cells. Further evidence indicated that the depletion of PADI4 by small hairpin RNA increased the population of G1 cells, decreased the population of S and G2/M cells and increased cell apoptosis in HCT116 cells in a p53-dependent manner ([@b35-etm-0-0-3798]). Similar results were obtained in another study, where Yao *et al* ([@b36-etm-0-0-3798]) demonstrated that knockdown of PADI4 with Cl-amidine and siRNA decreased cell viability and induced apoptosis of breast cancer MCF-7 cells. In the present study, it was observed that the silencing of PADI4 resulted in an S cell cycle block with a concomitant decrease of cells in the G2/M phase, and decreased cell growth and invasion. Furthermore, the inhibitory effect of PADI4 siRNA on the proliferation of gastric cancer cells were enhanced when combined with 5-Fu. Together, the results suggest that PAD4 siRNA treatment coupled with 5-Fu may contribute towards the decrease in drug resistance of cancer cells, improve chemotherapeutic effects and provide a possible therapeutic option for treating gastric cancer.

In conclusion, the present study demonstrates the increased expression of PADI4 in gastric cancer tissues. The silencing of PADI4 suppressed the proliferation and invasion of cancer cells, and arrested cell cycle in the S phase. In addition, the combination of siRNA PADI4 with 5-Fu presented a stronger inhibitory effect on gastric cell growth compared with siRNA PADI4 alone. As a result, PADI4 may be considered as a prognostic indicator of gastric tumor and a potential target for gastric cancer therapy.

![Expression of PADI4 in gastric cancer and normal mucosa tissue. \*P\<0.05. PADI4, peptidylarginine deiminase type 4.](etm-12-05-3155-g00){#f1-etm-0-0-3798}

![(A) Expression of PADI4, MMP2 and MMP9 was analyzed in SGC-7901 cells. (B) The effect of silencing PADI4 on cell proliferation was measured by MTT assay. \*\*P\<0.05 vs. the Mock and NC groups. PADI4, peptidylarginine deiminase type 4; si-PADI4, small interfering-PADI4; NC, negative control; OD, optical density; MMP, matrix metalloproteinase.](etm-12-05-3155-g01){#f2-etm-0-0-3798}

![Influence of silencing PADI4 on the cell cycle in si-PADI4, NC and mock gastric cancer cells. PADI4, peptidylarginine deiminase type 4; si-PADI4, small interfering-PADI4; NC, negative control.](etm-12-05-3155-g02){#f3-etm-0-0-3798}
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![Synergistic effect of PADI4 siRNA and 5-Fu on the proliferation of SGC-7901 and AGS cells. \*P\<0.05 vs. the PADI4 siRNA and 5-Fu group. PADI4, peptidylarginine deiminase type 4; si-PADI4, small interfering-PADI4; NC, negative control; 5-FU, 5-fluorouracil.](etm-12-05-3155-g04){#f5-etm-0-0-3798}

###### 

Specific primers of PADI4, MMP2, MMP9 and GAPDH.

  Gene    Forward primer               Reverse primer
  ------- ---------------------------- ----------------------------
  PADI4   5′-GGGGACATTGATCCGTGTGA-3′   5′-TCGTCAGGGTCACCTCTACC-3′
  MMP2    5′-CCAGCTGGCCTAGTGATGAT-3′   5′-CCGCATGGTCTCGATGGTAT-3′
  MMP9    5′-TCTATGGTCCTCGCCCTGAA-3′   5′-CATCGTCCACCGGACTCAAA-3′
  GAPDH   5′-AATGGGCAGCCGTTAGGAAA-3′   5′-GCGCCCAATACGACCAAATC-3′

PADI4, peptidylarginine deiminase type 4; MMP, matrix metalloproteinase.
